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SUMMARY 

Heat-transfer data were obtained on the windward surface of the 
Manned Spacecraft Center (MSC) orbiter fuselage (without wings) at a 
frees tream Mach number of 7.4 and angles of attack from 40° to 70 . 

Heating and transition data have been compared with appropriate theories 
and correlations, and some effects of surface roughness have been simulated. 
Conclusions of the study are: 1) Laminar heating is predictable by 

simple, modified-swept-cylinder theory; 2) Initial boundary -layer trans- 
ition correlations proposed for the shuttle are somewhat conservative for 
the present data; 3) Surface roughness was sufficient to cause premature 
transition and local increases of 20% in transitional and turbulent heating 
rates . 
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SYMBOLS 


c specific heat 

h wire height 

k thermal conductivity 

L model axial length from nose to trailing edge of horizontal 

stabilizer 

M Mach number 

p pressure 

q heat- transfer flux 

Re/1 Reynolds number per unit length 

Re 

0 Reynolds number based on momentum thickness 

T temperature 

u velocity 

x axial length from nose 

x axial length to transition 

a angle of attack 

6 boundary- layer thickness 

p density 

p viscosity 

Subscripts 

e boundary- layer-edge condition 

s sphere 

t total condition 


00 


frees tream condition 
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INTRODUCTION 


The successful design of the space shuttle transportation system 
is, in part, contingent on providing a broad data base from which to 
evaluate technology requirements and configuration concepts. Since 
much of the aero thermodynamic technology is based on emperical theories 
or correlations, the need for experimental data is particularly important. 
Consequently, this investigation was one of many undertaken to provide 
aerodynamic heating data on proposed space shuttle configurations. 

In the present study the MSC orbiter fuselage without wings was 
tested at a freestream Mach number of 7.4 and angles of attack from 40 
to 70 . The phase-change-paint technique was used to obtain heating 
data on the windward surface. The results are compared with theories 
for predicting heat transfer from laminar and turbulent boundary 
layers and the location of boundary layer transition. In addition, some 
effects of surface roughness on heating and transition have been sim- 
ulated. 


MODEL 

Heat-transfer data were obtained on the windward surface of a 0.01- 
scale model of the Manned Spacecraft Center (MSC) orbiter body (fig. 1). 

The fuselage length was 43.82 cm., (17.25-in). The overall length, used 
to normalize axial distances and to determine model scale, was 46.69 cm., 
(18.38-in). The inclination and half-width of the bottom surface are 
shown in figure 2. The chine radius was 1.016 mm (0.040-in). 

—T he model was cast with an aluminum-filled epoxy for which 
ypck^- 441.5 joules /meter^- (sec) ^^-°K (0.7 Btu/f t^- (sec) ^^-°F) » 

This value was determined by a comparison of temperature-sensitive-paint 
heating data and the thermocouple data of reference 1. 

TEST PROCEDURE AND CONDITIONS 

The temperature-sensitive-paint technique for determining heat trans- 
fer is described in reference 2. Briefly, it consists of determining 
the history and position of an isotherm (photographing a m elt line), and 
with a knowledge of the thermophysical properties ( jl p clc) of the model 
material, deducing the heat transfer. 

Tests were conducted in the Ames 3.5-foot hypersonic wind tunnel at 
a freestream Mach number of 7.4. A list of test conditions is given in 
Table I. Nominal total conditions were; temperature 722°K (1300°R) and 
pressure, 13.6 to 81.6 atmospheres. The angles of attack were 40°, 50 , 

60 , and 70 measured between the wind vector and the surface of zero-degree 
inclination (fig. 2) . 
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A number of tests was made in which small ( — < 1) wires were placed 
across the windward surface of the model to simulate the effects of two- 
dimensional protuberances on heating and transition. The wires were 
0.079-mm (0,0031- in) in diameter and were spaced at approximately 2,54-cm 
(1-in) intervals along the axis. The wire grid was replaced after 
each run because some of the wires would break. As a result, the grids 
are not located exactly the same from run to run and for a given run a few 
wires may be missing. 


RESULTS AND DISCUSSION 

The basic data are presented in figures 3 to 10 as contours of q/q 

s 

where is the calculated stagnation-point heating rate on a reference 

hemisphere with a radius of 0.305 cm (0.120-in) (Table I). Each figure 
is for a specific angle of attack and consists of data at various 
Reynolds numbers. Although data are presented for the entire windward 
surface, only centerline results will be analyzed in detail. Laminar- 
heating predictions were made using infinite swept-cylinder theory 
with the velocity gradient modified to account for the flat surface 
and chine radius (ref. 3). For turbulent flow, the flatplate theory 
of Spalding and Chi (ref. 4) was used with the distance from the origin 
of turbulent flow adjusted to account for streamline divergence. The 
Spaulding and Chi theory was chosen because it gave the best prediction 
of heating for the theories examined in reference 1. The origin of 
turbulent flow was assumed to be the beginning of transition, and the 
Reynolds analogy factor was assumed to be 1.0 (a value experimentally 
verified in reference 5 by data on flat plates in the same facility. For 
both laminar and turbulent flow the local boundary-layer-edge conditions 
were taken to be those calculated on a swept sylinder at the same local 
angle of attack. 

Comparisons of theoretical and experimental heating rates are given 
in figure 11. The laminar predictions are good over the angle-of-attack 
range. At a = 40 the flow was entirely laminar at all Reynolds numbers. 
Boundary-layer transition occured at the higher angles and some turbulent 
flow occurred at a = 50 and 60 . Turbulent estimates were made for 
a = 50 and 60 at the high Reynolds number, however, the limited amount 
of data precludes any assessment of the Spalding and Chi theory. 

Referring again to figures 3 to 10, it can be seen that off- 
centerline laminar heating increases as the chines are approached. As the 
Reynolds number is increased and the boundary layer becomes turbulent, the 
heating is fairly constant across the body, at a fixed axial location . 

This suggests that crossflow affects laminar more than turbulent heating; 
an observation that has been made both experimentally and theoretically 
in connection with simple shapes such as cones . 

Some effects of roughness were simulated by placing small wires 
across the windward surface at approximately 2.54-cm (1-in) Intervals 
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along the axis. The arrangement of the wires on the model surface 
does not simulate any proposed pattern of panel joints or corrigations . 
Rather, they illustrate the effects of discrete, two-dimensional roughnesses 
on the heating and boundary-layer transition. The wire influence was invest- 
igated at all angles of attack, and the data are shown in figure 12 . 

The data presented in fig. 12 illustrate that the effect of the wires 
on heating is a function of the state of the boundary layer (i.e. , laminar, 
transitional, or turbulent) . For example, in the transitional and turbul- 
ent portions of the boundary layer, there is considerable variation in 
heating rate between the wires. Whereas , for laminar flow the variation 
is no more than that on a smooth model. In the former instance, the 
magnitude of the variation in heating between wires appears to be pro- 
portional to the amount of turbulence in the boundary layer. Consider- 
ing figure 12 (c) (a = 60°) , there is almost no change in heating between 
wires at the start of transition, however, at the end of transition there 
is almost a 20% variation in the heating rate. 

In an effort to gain some insight into the mechanism by which wires 
affect heating, nonsimilar boundary-layer solutions were generated using 
the program of reference 6. As described in reference 6 the program 
calculates a laminar boundary layer in two-dimensional flow, however, it 
was recently modified to permit the calculation of transitional and tur- 
bulent boundary layers. In addition an account was made for crossflow 
as described in reference 3. Ratios of wire height to boundary-layer 
thickness are indicated on the figure 8 for the different flow regimes. 

These results indicate that the wire heights are quite small relative to 
the boundary layer, particularly in turbulent flow. Although the relative 
height of the wires in the turbulent layer is less than the laminar layer 
their effect on turbulent flow is much greater, as indicated by the heating 
results. A similar observation can be made In figure 13. 

Figure 13 is a shadowgraph of a section of the model at a = 50° and 
at the high Reynolds number condition shown in figure 12 (b). As indicated 
in the figure, the boundary layer is initially laminar, undergoes transition, 
and is finally turbulent. Notice that in the laminar and initial portions 
of the transitional boundary layer the wires do not generate shock waves, 
however, in the turbulent portion they do. From the results of boundary- 
layer solutions, the undisturbed Mach number at the top of the wire at the 
beginning of transition was found to be 0.43; whereas, at the end of tran- 
sition it was found to be 0.84. These results suggest that the increased 
effectiveness of the wires in the transitional and turbulent layers may be 
associated with the fuller velocity profiles of the turbulent boundary layer. 

Other investigations on protuberances were examined to determine if 
similar observations could be made. However, the majority of the investi- 
gations were not applicable to the present situation. The theories of 
references 7 and 8 calculate the heating on the protuberance itself, 
whereas , in the present study the heating downstream of the disturbance 
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is of interest. Experimentally, the situation is much the same with the 
majority of the heating data being limited to the disturbance itself. 

In addition, the data are usually obtained on wavy walls where the height 
is of the order of the boundary-layer thickness or greater. In the present 
study the disturbance is much smaller than the boundary layer, as was sh- 
own earlier- A1 though the present data canno t be related to any previous 
work in the strictest sense, there are some interesting similarities. 

For example, in fig. 12 of reference 7 the heating downstream of a 
single, two-dimensional disturbance from which a turbulent boundary layer 
had separated and then reattached was found to be 30% greater than the un- 
disturbed level at the reattachment point. This is very close to the 
maximum value measured immediately downstream of the wires in this in- 
vestigation. In the same study and that of reference 8, it was found 
that sweeping the surface waves with respect to the flow, by as much as 70 , 
had no appreciable effect on the maximum value of heating on the wave 
itself. In the present study, the majority of the data show that at a 
fixed position downstream of a wire, turbulent heating is constant 
across the model even though the wires are effectively being swept with 
respect to the local flow (for local flow directions , see the stream- 
line patterns of ref. 1). 

Boundary Layer Transition 

The majority of the data discussed previously contained examples 
of transition from laminar to turbulent flow. The location at which 
transition onset takes place Is defined as the intersection of straight 
lines faired through the laminar and transitional portions of the heat trans- 
fer data. This location is used in conjunction with local-boundary-layer- 
edge properties to compare with proposed Space Shuttle transition criteria. 

In figure 14 the transition data are compared with two transition 
criteria (refs. 9 and 10.) proposed during the earlier phases of the space 
shuttle preliminary design. These criteria evolved from wind-tunnel data 
on cones and delta wings and some flight data. The present, smooth-model 
data on an actual shuttle shape generally lie above these criteria; 

Indicating a conservative prediction for the wind tunnel case. The 
rough-model transition data are included on this figure only for com- 
parison with the smooth-model data and have no relationship to the criteria. 
However, a comparison of these data does indicate that at least this partic- 
ular size and type of roughness is capable of significantly reducing the 
smooth-wall, transition Reynolds number. 

CONCLUSIONS 

Heat- transfer data on a 0.01-scale MSC orbiter body have been 

J 0-0 

obtained at a frees tream Mach number of 7.4 angles of attack of 40 , 50 , 

60 and 70 , and for a Reynolds number range of 1.3 to 9 million . Some 
effects of surface roughness on heating and transition were simulated on 
the windward surface by placing 0.079 mm (0.0031-in) diameter wires 
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normal to the model axis. The data obtained on the windward centerline were 
analyzed and* the following is concluded: 

1. Laminar heating rates are predicted quite well by modified swept- 
cylinder theory. 

2. Initial boundary-layer transition correlations proposed for the 
space shuttle are somewhat conservative for the conditions of the present 
study. 

3. The roughness used in this investigation was sufficient to cause 
premature transition. 

4. Roughness heights less than the local boundary-layer thickness 
were sufficient to cause as much as a 20% increase in heating rate between 
wires in a transitional or turbulent boundary layer. No effect was 
observed when the flow was laminar. 
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Figure 3* - Isotherms for smooth model; 
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Figure 3. - Concluded 
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Figure 4* - Isotherms for rough model; 
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Figure 5* - Concluded, 
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Figure 6. - isotherms for rough model; 
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Figure 7* - Isotherms for smooth models * 





figure 7. - Continued. 
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Figure 9 . - Isotherms for smooth models 



Figure 9* - Continued* 




(OiDh-Oc^toro — 
“I'OcoOicvitOrO'tf-^; 

^ O oo to m 10 w - o 

O’ 00 — ; — ; “ 


— (\irO'^-iOtD(^(X) 


o 

o 


I s - 

c 

3 

m 

or 

c* 


V.D 

o 

rH 

X 

00 

vO 

if 


8 


P4 


'w' 


Figure 9. - Concluded. 
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Figure 10, - Isotherms for rough model; 
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Figure 11, - Heating distributions on MSC orb iter at M 
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Figure 11. - Continued. 





Figure 11. - Concluded 
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Figure 12. - Effect of surface roughness on heating; MSG orbiter ? 
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Figure 12® - Continued 
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Figure 12* - Concluded 





Figure 13, - Shadowgraph of MSC orbiter body 3 .32 < X/b 
a = 50°, (Re/£ ) - 6J x 10^ m \ 







(2/®d) 9 IAI 

‘jaiaiuDJDd uoi|isudjj_ 

e BU 


cd 





P 


0) 


4~i 




M 


O 

a 


cd 

r O 

u 

a) 

+J 

CO 

CO 

o 


Pu 

IH 

o 

o 

M 


Pu 

cu 


1 — 1 

JP 

60 

4J 

a 

*ri 

cd 

> 

i — i 

d 

cd 

4J 

a 

cd 

o 

HP 

r— 1 

d 

* 

o 

CO 

•H 

> 

4-) 



u 

CO 

0) 

d 

u 

cd 

Q) 

u 

& 

4J 

cd 


U 

4-i 

cd 

O 

pu 

d 

a 

o 

o 

CO 

•H 


u 

u 

•H 

cd 

CO 

Pu 

d 

a 

cd 

o 

m 

a 

H 

i 

"cd 

<r 


1 i 


0) 


u 


d 


60 




Pn 


Transition Reynolds number. 
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(b) Transition Reynolds number vs. local Mach number 


Figure 14. - Concluded. 


